The acute motor axonal neuropathy (AMAN) variant of Guillain^Barre¤ syndrome (GBS) is associated with anti-GD1a and anti-GM1 IgG antibodies.The basis of preferential motor nerve injury in this disease is not clear, however, because biochemical studies demonstrate that sensory and motor nerves express similar quantities of GD1a and GM1 gangliosides. To elucidate the pathophysiology of AMAN, we have developed several monoclonal antibodies (mAbs) with GD1a reactivity and reported that one mAb, GD1a-1, preferentially stained motor axons in human and rodent nerves.To understand the basis of this preferential motor axon staining, several derivatives of GD1a were generated by various chemical modifications of N-acetylneuraminic (sialic) acid residues (GD1a NeuAc 1-amide, GD1a NeuAc ethyl ester, GD1a NeuAc 1-alcohol, GD1a NeuAc 1-methyl ester, GD1a NeuAc 7-alcohol, GD1a NeuAc 7-aldehyde) on this ganglioside. Binding of anti-GD1a mAbs and AMAN sera with anti-GD1a Abs to these derivatives was examined. Our results indicate that mAbs with selective motor axon staining had a distinct pattern of reactivity with GD1a-derivatives compared to mAbs that stain both motor and sensory axons. The fine specificity of the anti-GD1a antibodies determines their motor selectivity, which was validated by cloning a new mAb (GD1a-E6) with a chemical and immunocytochemical binding pattern similar to that of GD1a-1 but with two orders of magnitude higher affinity. Control studies indicate that selective binding of mAbs to motor nerves is not due to differences in antibody affinity or ceramide structural specificity. Since GD1a-reactive mAb with preferential motor axon staining showed similar binding to sensory-and motor nerve-derived GD1a in a solid phase assay, we generated computer models of GD1a based on binding patterns of different GD1a-reactive mAbs to different GD1a-derivatives. These modelling studies suggest that critical GD1a epitopes recognized by mAbs are differentially expressed in motor and sensory nerves. The GD1a-derivative binding patterns of AMAN sera resembled those with motor-specific mAbs. On the basis of these findings we postulate that both the fine specificity and ganglioside orientation/exposure in the tissues contribute to target recognition by anti-ganglioside antibodies and this observation provides one explanation for preferential motor axon injury in AMAN.
Introduction
Gangliosides are sialic-acid containing glycosphingolipids with ubiquitous expression but particular enrichment in the vertebrate nervous system (Yu and Saito, 1989; Bullens et al., 2002; Sheikh et al., 2004; Lehmann et al., 2007) . Despite their ubiquitous expression, how these moieties mediate specific functions, often selectively in certain cell types, remains a challenging biologic puzzle. The acute motor axonal neuropathy (AMAN) variant of Guillain-Barré syndrome (GBS) provides such a pathobiological example in which antibodies (Abs) directed against GM1 and GD1a gangliosides are associated with selective dysfunction and injury of motor axons, despite the similar expression of these gangliosides in human motor and sensory nerve fibers (Svennerholm et al., 1992 Gong et al., 2002; Willison and Yuki, 2002; Hughes and Cornblath, 2005) . Notably, the role of anti-ganglioside Abs in the pathogenesis of AMAN is strongly supported by an animal model in which induction of these Abs is associated with reproduction of clinicopathological features of human disease (Yuki et al., 2001 (Yuki et al., , 2004 , and it has been demonstrated experimentally that Ab-mediated injury to nerve cells or nerve fibres is due to targeting of gangliosides Sheikh et al., 2004; Goodfellow et al., 2005; Lehmann et al., 2007) .
To provide a better understanding of preferential motor axon involvement in AMAN, we generated several monoclonal antibodies (mAbs) with GD1a reactivity (Lunn et al., 2000; Schnaar et al., 2002) and previously reported that one mAb, GD1a-1, preferentially stains motor axons in human and rodent nerves (motor-selective, MoS) compared to two GD1a-reactive mAbs that bind both motor and sensory nerves (nonselective, NoS), despite similar concentrations of GD1a in human motor and sensory nerves . The fine specificity of MoS and NoS anti-GD1a mAbs is different, as suggested by varied levels of crossreactivity of these mAbs to synthetic GT1aa, a ganglioside that has not been reported to be expressed in the peripheral nervous system . Our previous studies show that MoS anti-GD1a mAb binds to GD1a derived from both motor and sensory human nerves in solid phase assays . From these observations we hypothesize that GD1a epitopes recognized by MoS and NoS mAbs in motor and sensory nerves are expressed differentially.
To test this hypothesis of differential expression of GD1a epitopes, N-acetylneuraminic acid (NeuAc) residues on GD1a ganglioside were chemically modified and binding of MoS and NoS GD1a-reactive mAbs to these GD1aderivatives was examined. Our results indicate that MoS and NoS mAbs had different structural requirements. Using this MoS mAb-binding template for screening, we cloned another GD1a-reactive mAb, which, as predicted, also preferentially stained motor nerves. With these Ab-binding profiles and published torsion angle data on GD1a conformers (Acquotti et al., 1994) , we generated computer maps identifying differential exposure of critical residues recognized by MoS and NoS mAbs in different GD1a conformers. Reactivity of AMAN sera with high titers of anti-GD1a Abs to GD1a-derivatives resembled the binding pattern of MoS anti-GD1a mAbs. On the basis of these observations we postulate that motor nerves express GD1a conformer(s) that are different from those in sensory nerves: this provides one explanation for preferential Ab-binding and motor nerve injury in AMAN.
Materials and Methods
Specificity of motor-selective (MoS) and nonselective (NoS) anti-GD1a mAbs
The generation, specificity and purification of these mAbs were described in previous publications (Lunn et al., 2000; Schnaar et al., 2002) . Three anti-GD1a IgG monoclonal Abs (mAbs), GD1a-1, GD1a-2a and GD1a-2b, were used initially. These mAbs are designated according to their ganglioside specificity and IgG isotype (1, 2a or 2b); for example, GD1a-2b refers to a mAb with GD1a specificity and IgG2b isotype. These mAbs were purified according to previously described methods (Lunn et al., 2000; Schnaar et al., 2002) and were used in all assays; the specificity (Schnaar et al., 2002) and tissue binding patterns are presented in Table 1 . Figure 1 shows the structures of the sialic-acid derivatives used in this study. The glycerol chains of GD1a sialic acids were oxidized to the 7-and 8-aldehyde forms and then reduced to the corresponding truncated primary alcohols as described (Spiegel et al., 1979) . Briefly, GD1a (1 mg) was treated with 1 ml of icecold 150 mM NaCl, 50 mM sodium phosphate, pH 7.4, containing 2.5 mM sodium periodate for 90 min. The aldehyde products were purified by reverse phase chromatography (with a Sep-Pak C18 cartridge; Millipore Corp., Milford, MA) as described (Schnaar, 1994) . A portion of the resulting GD1a-aldehyde was dissolved in 1 ml of 50 mM sodium bicarbonate containing 10 mM sodium borohydride and incubated for 2 h at 37 C. The resulting products were purified by reverse phase chromatography (Schnaar, 1994) . The sialic acids on 1 mmol of GD1a were converted to the corresponding ethyl esters by incubation for 1 h at ambient temperature in 0.6 ml of Me 2 SO/iodoethane (5 : 1) (Handa and Nakamura, 1984) . The resulting diester was purified by DEAE-Sepharose (acetate form) chromatography in methanol. The product in the unretained eluent was further purified by reverse phase chromatography (Schnaar, 1994) . One portion of Table 1 Specificity and tissue binding patterns of mAbs   mAbs Ganglioside specificity a Peripheral nerve staining
Generation of GD1a derivatives

Motor Sensory
GD1a-1 GD1a (1), GT1aa (0.1)
Each mAb was tested against 14 gangliosides (GM3, GD3, GM2, GA1, GM1, GD1a, GD1b, GT1b, GQ1b, synthetic cisGM1 (GM1b), GM1a, GD1a, GT1aa and GQ1ba) and relative binding is expressed by comparing mAbs binding to GD1a used as antigen for immunization. Gangliosides that are not listed showed no binding. b Myelinated fibers/unmyelinated fibers. Staining: ++++ = strong; ++ = mild; + = minimal; À = absent.
the GD1a diethyl ester was reduced to the corresponding dialcohol in 1% sodium borohydride in methanol for 2 h. The product was purified by DEAE-Sepharose and reverse phase chromatography. Another portion of the GD1a ethyl ester was converted to the corresponding diamide by treatment with 4 M ammonium hydroxide in methanol/water (5 : 2) for 12 h at ambient temperature. The product was purified by reverse phase and DEAE-Sepharose chromatography. The methyl ester derivative of GD1a was obtained by incubation of GD1a for 1 h at ambient temperature in 0.6 ml of Me 2 SO/iodomethane (5 : 1) (Handa and Nakamura, 1984) . GD1a methyl ester was further purified as described above. Products were analysed by thin-layer chromatography (TLC) and fast atom bombardment-mass spectrometry (Dell et al., 1994) at the Middle Atlantic Mass Spectrometry Laboratory.
Binding of mAbs to GD1a-derivatives mAb binding to GD1a and GD1a-derivatives was determined by TLC-immunooverlay as described (Lopez et al., 2000) . GD1a and GD1a-derivatives (100 pmol) were spotted on aluminum silica gel HPTLC plates and resolved using chloroform:methanol:aqueous 0.02% CaCl 2 (60 : 35 : 8). For selected studies with NoS mAbs up to 300 pmol of GD1a-derivatives (3-fold higher concentration) were spotted to detect low affinity binding. Developed chromatograms were dipped in 2 mg/ml of polyisobutylmethacrylate in hexane and air-dried. Then the plates were incubated overnight with mAbs (1-10 mg/ml diluted in PBS, pH 7.4, containing 0.1% bovine serum albumin and 0.05% Tween 20) and developed with alkaline phosphatase-conjugated goat anti-mouse IgG (80 ng/ml for 90 min; g chain-specific; Jackson Immunoresearch, USA) and nitroblue tetrazolium/bromochloroindolyl phosphate. The resulting bands were scanned and the signal was quantified with software ScionImage. These studies were repeated at least once with all mAbs.
Binding of GBS sera to GD1a-derivatives AMAN sera with high titers of anti-GD1a reactivity were analysed for these proof of concept studies. Anti-GD1a Abs were affinitypurified from five sera according to methods described by Hirabayashi et al. (1983) . Briefly, 1.5 ml of methanol:aqueous 0.2 M KCl (1 : 1) containing 0.25 mmol of GD1a were added to 1 ml of octyl-Sepharose (Sigma). The mixture was rotated endover-end for 1 h at room temperature. After removal of the methanolic solution, the gel was washed thoroughly with PBS. All the remaining steps were performed at 4 C. Portions of gel (200 ml) were loaded on columns and patient sera were recycled through the column for 2 h with a peristaltic pump. The columns were washed with PBS, and the retained Abs were eluted with a solution of 100 mM glycine-HCl, pH 3.0, and immediately neutralized in a 1/10 volume of 1 M Tris-HCl, pH 8.0. Then, the antibodies were desalted in Sephadex G-25 in 0.1% BSA-PBS and frozen at -20 C until used. Affinity-purified anti-GD1a Abs from five patients and serum from one patient were examined for binding to GD1a derivatives by TLC-immunooverlay as described in the preceding section. Five additional sera from AMAN cases were analysed by ELISA. GD1a ganglioside or its derivatives (100 pmol/well) were dissolved in methanol and adsorbed to butanol-washed 96-well plates. In control wells ganglioside was omitted. Ganglioside-adsorbed plates were washed with PBS, and then plates were blocked for 60 min at 4 C with 200 ml/well of PBS containing 1 mg/ml of bovine serum albumin (PBS/BSA; dilution buffer). Sera were incubated overnight at 4 C, the plates were washed with PBS, and developed with alkaline-phosphatase-conjugated secondary antibody (goat anti-human IgG, Fc-specific; Jackson Immunoresearch, West Grove, PA), diluted 1 : 500 (90 min) and substrate buffer (2 mg/ml p-nitrophenyl phosphate in 100 mM Tris, 100 mM NaCl, 5 mM MgCl 2 , pH 9.5, 100 ml/well) for 30 min. Absorbance was determined at 405 nm with microplate reader (Benchmark; BioRad, Hercules, CA). 
Cloning of new anti-GD1a mAb
We used a preexisting library of anti-GD1a clones derived from our previous immunization studies with GD1a (Lunn et al., 2000; Schnaar et al., 2002) . These clones were preselected on the basis of their binding to GD1a among four major gangliosides (GM1, GD1a, GD1b and GT1b). GD1a-derivatives were used for screening studies as described in the preceding sections. One mAb, designated GD1a-E6, was selected because the pattern of reactivity with GD1a-derivatives was similar to that of mAb GD1a-1 (MoS). The specificity of GD1a-E6 against 14 gangliosides (Table 1) was also examined by ELISA. GD1a-E6 was included in parallel with other GD1a mAbs in all the assays used in this study.
Immunostaining
These studies were done by previously described methods (Sheikh et al., 1999a; Gong et al., 2002) . Cauda equina collected from adult 8-12-week-old Sprague-Dawley rats were snap-frozen in isopentane at -70 C and cryosectioned. These sections were stained with mAbs GD1a-2a, GD1a-2b, GD1a-1 and GD1a-E6 (2-20 mg/ml; overnight incubations at 4 C). These sections were developed with specific secondary antibodies conjugated to FITC or Cy3 (1 : 200, 1 h at ambient temperature) and examined by an epifluorescence microscope, digitized and processed in Adobe Õ Photoshop Õ (San Jose, CA, USA).
In a subset of studies tissue binding of GD1a-E6 was competed with soluble GD1a methyl ester-oligosaccharide (see below). GD1-E6 (2 mg/ml) was preincubated with GD1a methyl esteroligosaccharide (1 Â 10 -4 M) for 1 h at 4 C and then this mixture was used for staining the cauda equina as described above. The inhibitory studies were preferentially done with GD1a methyl ester-oligosaccharide in order to avoid non-specific adsorption to tissues of GD1a methyl ester ganglioside. GD1a-2b was used as negative control to show that GD1a methyl ester-oligosaccharide does not cause non-specific inhibition of antibody binding to tissues. GD1a-1 was not tested because the affinity of this mAb for this derivative is 41 Â 10 -4 M (see 'Results') and enough oligosaccharide was not available to perform these studies.
An AMAN serum with high titers of anti-GD1a Abs (98-2) was affinity-purified according to methods described by Hirabayashi et al. (1983) . Fresh-frozen Cauda equina sections were immunostained with affinity-purified anti-GD1a Abs as described above (1 : 30; overnight incubations at 4 C). These sections were developed with biotin-conjugated anti-human g chain-specific Abs (1 : 200; overnight incubation at 4 C; Jackson Immunoresearch Lab) and Alexa fluor 546-conjugated streptavidin (1 : 200; 90 min incubation at 4 C) and examined by an epifluorescence microscope, digitized and processed in Adobe Õ Photoshop Õ .
Determination of affinity
A soluble binding inhibition assay was used for this purpose, as described (Lopez et al., 2002) . We used GD1a-oligosaccharides because the competing antigen is soluble and the value thus obtained can be considered as monovalent affinity. GD1a-oligosaccharides from GD1a or GD1a methyl ester from respective gangliosides were generated by a specific ceramide glycanase (1 U/mg of ganglioside) as suggested by the manufacturer's instructions (Calbiochem) that catalyses removal of ceramide moieties from gangliosides, and their identity was confirmed by mass spectrometry through a core facility at Johns Hopkins University. Four anti-GD1a mAbs in this study were compared by using soluble GD1aoligosaccharide in a soluble binding inhibition assay (ELISA). Two MoS anti-GD1a mAbs were similarly compared by using soluble GD1a methyl ester-oligosaccharide. Because NoS mAbs did not bind to GD1a methyl ester, they were not included in affinity studies with respective oligosaccharide. Different concentrations of soluble sugars (10 -4 to 10 -10 M) were used to determine the amount of oligosaccharide required for 50% inhibition of Ab binding to the corresponding ganglioside.
Fatty acid content of GD1a ganglioside and binding of mAbs Generation of GD1a-derivatives with varied fatty acid length [GD1a-derivatives (FA)] C22:0 and C24:0 fatty acids were added to GD1a as described previously . Briefly, bovine brain GD1a (500 nmol), sphingolipid Cer N-deacylase (SCDase; 25 mU) and sodium cholate (4 mg) were added to 5 ml of 50 mM sodium acetate, pH 6.0, in a screw-capped test tube. n-Decane (5 ml) was added and the solution was thoroughly mixed. The two-phase system was stirred for 24 h at 37 C, after which the phases were separated by brief centrifugation and the decane was discarded. The aqueous phase was extracted twice with 5 ml of n-decane and then vacuum-evaporated. The resulting lyso-GD1a was purified by sequential reverse-phase and normal-phase chromatographies. Re-N-acylation was via carbodiimide coupling. The same protocol was used to prepare GD1a-C22:0 and GD1a-C24:0. The respective fatty acid (6 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (6.6 mmol) were dissolved in 600 ml of tetrahydrofuran. After 2 h at 60 C lyso-GD1a (300 nmol in 420 ml of water) was added. The reaction was stirred for 10 h at 60 C, cooled to ambient temperature, then 50 ml of 6N NaOH were added and the reaction was incubated at ambient temperature for 16 h. Similarly, C16:0 (palmitic) and C18:0 (stearic) acids (2 mmol) and EDAC (2.2 mmol) were incubated in 100 ml of water at 50 C for 2 h, then lyso-GD1a (200 nmol in 100 ml of water) was added. The reaction mixture was stirred at 50 C for 10 h, cooled to ambient temperature, 33 ml of 6N NaOH were added and the mixture was incubated at ambient temperature for 16 h. The products were purified by reverse phase chromatographies.
Cell ELISA NGCR72, a mutant cell line derived from NG108-15, which does not express complex a-series gangliosides including GD1a (Wu et al., 2001a, b) , was used for reconstitution assays with GD1aderivatives (FA) to avoid Ab-binding to endogenous GD1a. These cells were cultured according to previously described methods and cell phenotype was reconfirmed by the absence of cholera toxin subunit B staining before all experiments.
For reconstitution with GD1a-derivatives (FA) these cells were suspended in serum-free medium containing a concentration of soluble GD1a derivatives able to produce an equal loading at the plasma membrane (determined empirically): 2 mM solution for GD1a-derivatives containing C-22 or C-24 fatty acid and 0.33 and 0.67 mM, respectively, for derivatives carrying C-16 or C-18 fatty acids for 2 h in a microrotator at 37 C. Cells without reconstitution were used as controls.
After reconstitution, cells were centrifuged, washed with serumfree medium, plated onto 96-well plates in serum-free medium at 20 000 cells/well, and allowed to attach for 2 h. The cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. Non-specific binding was blocked with 2% normal goat serum (NGS) in PBS and these wells were incubated overnight with mAbs (5-10 mg/ml in PBS buffer containing 0.1% bovine serum albumin and 2% NGS). Antibody binding was detected with alkaline phosphatase-conjugated goat anti-mouse IgG (1 mg/ml for 90 min). The reaction was developed with 2 mg/ml of p-nitrophenyl phosphate (in 100 mM Tris, 100 mM NaCl, 5 mM MgCl 2 , pH 9.5) for 60 min and absorbance was measured at 405 nm with a microplate reader (Benchmark, Bio-Rad, Hercules, CA).
Anti-GD1a mAbs and ganglioside complexes
To address the issue whether MoS and NoS mAbs recognize ganglioside complexes ELISA were done on mixtures of GD1a and other major neural gangliosides. For these studies 100 pmol GD1a ganglioside alone or a combination of GD1a with gangliosides GM1 or GD1b or GT1b at ratio 75:25, 50:50 or 25:75 in methanol were adsorbed into each well. Then the reactivity of mAbs was tested as described above. Antibody binding was detected with alkaline phosphatase-conjugated goat anti-mouse IgG (Jackson Immunoresearch; 1 mg/ml for 90 min).
Computer modelling of GD1a conformers
The software Quanta (Accelrys Software Inc.) was used to model the different conformers of GD1a oligosaccharide portion as described (Acquotti et al., 1994) . Figures of these computerized models were reproduced by using software PyMOL (DeLano Scientific LLC, CA, USA).
Analysis of anti-GD1a mAbs reactivity with sialidase-treated cauda equina sections
Rat cauda equina cryosections were pretreated with 100 mU/ml of sialidase at 37 C for 20, 40, 60, 90 min, and overnight before staining with GT1b-1 [specificity and immunostaining pattern as described ], GD1a-2a, GD1a-2b, GD1a-1 and GD1a-E6 (2-20 mg/ml; overnight incubations at 4 C) mAbs, as described above. These sections were developed with specific secondary antibodies conjugated to Cy3 (1 : 200, 1 h at ambient temperature) and examined by epifluorescence microscopy. FITC-conjugated isolectin B4 (IB4) (5 mg/ml; Sigma, St Louis, MO, USA) was used to mark Remak bundles in sensory roots in cauda equina, as described . Sialidase (V. cholerae) was obtained by overexpression in E. coli by using an expression plasmid (pET30 b(+)/VCNA) kindly provided by Dr G. Taylor, University of St Andrews, Fife, Scotland, and was purified as described (Moustafa et al., 2004) . Quantification of area of immunoreactivity ($500 nerve fibre/condition) pre-and post-sialidase treatment was determined by ImageJ 1.34s software (NIH, USA).
Results
Motor-selective (MoS) and non-selective (NoS) GD1a mAbs have distinct patterns of binding to GD1a-derivatives TLC-immunooverlay showed that none of the mAbs recognized the amide form of GD1a. Likewise elimination of the glycerol tail of NeuAc abolished binding of all mAbs.
GD1a-2a and GD1a-2b did not recognize any of derivatives carrying modifications in the carboxylic group despite use of 3-fold higher concentration of the derivatives. In contrast, GD1a-1 showed various degrees of reactivity with derivatives containing methyl and ethyl esters of the sialic acid carboxyl groups or replacement of the carboxylate with an alcohol (Fig. 2) . These findings suggest that the carboxyl group is critical for differentiating between MoS and NoS mAbs as the glycerol chain is recognized by both group of mAbs.
Binding of AMAN sera to GD1a-derivatives Figure 3 shows that all patient-derived anti-GD1a Abs showed some degree of binding to different chemical derivatives of GD1a. None of the sera matched the binding pattern of GD1a-2a or GD1a-2b mAbs. Similar to MoS mAbs, most of the binding was directed to the derivatives with substitutions of the carboxyl group (GD1a NeuAc 1-amide, GD1a NeuAc ethyl ester, GD1a NeuAc 1-alcohol and GD1a NeuAc 1-methyl ester) of NeuAc and 6 out of 10 patients had 430% reactivity with two or more of these derivatives compared to parent GD1a ganglioside. Most sera retained reactivity to GD1a-1-alcohol, 8 out of 10 sera had 20% or more (range 20-75%) binding to this derivative compared to parent GD1a. One patient's serum (98-10) had only minor reactivity with GD1a-1-alcohol and GD1a NeuAc 7-alcohol but not with other derivatives. The modifications in the glycerol chain of NeuAc variably affected the Ab-binding in AMAN sera; for example three sera had no binding to these derivatives, two sera had 520%, and five sera had 20% or more binding to GD1a NeuAc 7-alcohol and/or GD1a NeuAc 7-aldehyde. In contrast to MoS and NoS mAbs, anti-GD1a antibodies in some patient sera recognize the altered glycerol chain of NeuAc. These findings suggest that the binding patterns of sera contain a broader degree of reactivity because of the polyclonal/ oligoclonal nature of the anti-GD1a antibody repertoire in patients. Overall, these results demonstrate that, similar to the MoS mAbs, anti-GD1a Abs in most AMAN sera did not require an intact underivatized carboxyl group in the NeuAc.
Characterization of a new motor-selective anti-GD1a mAb
GD1a-derivatives were used to screen a preexisting library of anti-GD1a clones. We selected a mAb (GD1a-E6) whose binding profile to GD1a derivatives was similar to that of GD1a-1 (minimal reactivity to GT1aa). Binding of this mAb to different gangliosides is summarized in Table 1 . Immunostaining studies with this mAb showed that it preferentially stained ventral roots without significant binding to sensory fibres (Fig. 4) . These results again emphasize that retention of binding to GD1a-derivatives with modifications in carboxyl groups correlates with motor-selective immunostaining.
Structural requirements of anti-GD1a antibodies
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Affinity of anti-GD1a mAbs
To examine whether mAb affinity could be a factor determining the differential binding to dorsal and ventral roots, affinity of anti-GD1a mAbs was analysed by soluble binding inhibition assays. Figure 5 shows the inhibition curves obtained by co-incubating individual mAbs with different concentrations of GD1a-oligosaccharide. mAbs GD1a-2a, GD1a-2b and GD1a-1 showed less than 50% inhibition with GD1a-oligosaccharide at the highest concentration tested (1 Â 10 -4 M). In contrast, GD1a-E6 was inhibited in a concentration-dependent manner with GD1a-oligosaccharide concentrations as low as 1 Â 10 -6 M. Affinity values are expressed as the concentration of GD1a-oligosaccharide that produced 50% inhibition of mAb binding (IC50) (Fig. 5) . These studies indicate that the IC50 of both MoS and NoS mAbs (GD1a-1, GD1a-2a and GD1a-2b) was 41 Â 10 -4 M, but that these mAbs have diverse tissuebinding patterns. Furthermore, the higher affinity of a GD1a-selective mAb (GD1a-E6, IC50 $ 2 Â 10 -6 M) did not diminish its motor selectivity. Affinity of GD1a methyl ester-oligosaccharide was compared to GD1a-oligosaccharide because MoS mAbs have Fig. 2 Effect of sialic acid modifications on binding of motor-selective and nonselective anti-GD1a mAbs. Antibody reactivity to GD1a and GD1a-derivatives was analysed by TLC-immunooverlay (A) and quantified (B) as described under Materials and Methods. 1 = GD1a; 2 = GD1a NeuAc 1-amide; 3 = GD1a NeuAc ethylester; 4 = GD1a NeuAc 1-alcohol; 5 = GD1a NeuAc 1-methyl ester; 6 = GD1a NeuAc 7alcohol; 7 = GD1a NeuAc 7-aldehyde. Fig. 3 Effect of sialic acid modifications on binding of anti-GD1a Abs in AMAN sera. Antibody reactivity to GD1a and GD1a-derivatives was analyzed by TLC-immunooverlay or ELISA and quantified as described under Materials and Methods. 1 = GD1a; 2 = GD1a NeuAc 1-amide; 3 = GD1a NeuAc ethylester; 4 = GD1a NeuAc 1-alcohol; 5 = GD1a NeuAc 1-methyl ester; 6 = GD1a NeuAc 7-alcohol; 7 = GD1a NeuAc 7-aldehyde. (asterisk indicates sera analysed by ELISA).
highest binding for this derivative on TLC analysis (shown above). The IC50 of GD1a-1 was 41 Â 10 -4 M and GD1a-E6 was $2 Â 10 -5 .
Fatty acid content of GD1a ganglioside and mAb binding
Previous studies indicate that the length of the fatty acid could modulate exposure of the carbohydrate moiety of glycosphingolipids and modulate the anti-glycan antibody binding (Itonori et al., 1989; Tagawa et al., 2002; Stewart and Boggs, 1993a, b) . Whether differences in ceramide fatty acid length could be the mechanism underlying the motorselective binding was examined in studies of cell membrane reconstitution with GD1a-derivatives carrying fatty acids of different lengths. All anti-GD1a mAbs had higher binding to GD1a-derivatives carrying long chain fatty acids (Fig. 6) . It is known that long chain fatty acids (C:22 and C:24) are predominant ceramide constituents in GD1a of dorsal root origin and that short chain fatty acids (C:16 and C:18) are predominant ceramide constituents in GD1a of ventral root origin. This suggests that fatty acid length is not the basis of preferential ventral root binding by MoS mAbs.
Ganglioside complexes and mAb binding
Antibodies against ganglioside complexes have been associated with different forms of GBS (Kaida et al., 2004 (Kaida et al., , 2007 . 
Fig. 6
Reactivity of anti-GD1a mAbs to NGCR-72 cells reconstituted with synthetic GD1a carrying fatty acids of different length. All anti-GD1a mAbs have higher binding to cells reconstituted with GD1a substituted with longer chain fatty acids compared to GD1a substituted with shorter chain fatty acids.
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To examine whether antibody binding to ganglioside complexes could provide a potential explanation for MoS mAb binding to ventral roots the following studies were conducted. GD1a ganglioside alone or a combination of GD1a with gangliosides GM1 or GD1b or GT1b at ratio 75 : 25, 50 : 50 or 25 : 75 were used as antigen. Figure 7 shows that both MoS (upper panel) and NoS (bottom panel) mAbs showed reduced reactivity to GD1a in the presence of other gangliosides. This reduced reactivity was correlated with the size of the carbohydrate head group of the ganglioside added to GD1a as well as the ratio GD1a/ other ganglioside in the mixture. Thus, GT1b ganglioside with the largest carbohydrate head group was most efficient in inhibiting anti-GD1a mAb binding to the mixture of GD1a/GT1b. In contrast, GM1 ganglioside with the smallest carbohydrate head group showed almost no effect at ratio 75 : 25 or 50 : 50 and only a very modest negative effect on the reactivity when tested at a ratio of 25 : 75. This solid phase assay suggests that anti-GD1a mAbs used in this study do not recognize neo-epitopes in ganglioside mixtures, which could explain preferential ventral root staining by anti-GD1a MoS mAbs.
Modelling of GD1a conformers
To understand how the chemical modifications in the sialic acid on GD1a affect the binding of different GD1a-mAbs, we analysed the three-dimensional (3D) structures of different GD1a-derivatives, an approach that has been previously published (Lopez et al., 2002) . Previous 3D NMR studies showed that GD1a can adopt different configurations when incorporated in micelles (Acquotti et al., 1994) . We modelled four different GD1a conformers in agreement with Acquotti et al. (1994) as described under Materials and Methods. The set of glycosidic torsion angles described by Acquotti et al. (1994) were preferentially used because micelles replicate the biophysical properties of the lipid environment in plasma membranes. We found no variation in the inner core GalNAc-(NeuAc)Gal-Glc in the four GD1a conformers. In contrast, they differed in the orientation of the terminal NeuAc-Gal residues. The differences in the orientation of the terminal NeuAc-Gal in these four conformers of GD1a can be explained by a gradual torsion of these residues toward the inner core of the ganglioside. We only used conformers 1 and 4 that represent the two extreme rotations of NeuAc-Gal residues for comparative modelling (Fig. 8A) . Figure 8B depicts the structure of conformers 1 and 4 as seen from top view, which is opposite to the ceramide portion that anchors the ganglioside to the cell membrane, and represents the face of GD1a accessible to antibodies. Figure 8C illustrates the solvent-accessible surface of the top views of conformers 1 and 4. Since our solid phase studies with GD1a-derivatives established that the substitutions of the carboxyl group of the terminal NeuAc is key to discriminating MoS versus NoS mAbs, we analysed the orientation of this group in conformers 1 and 4. We observed that the carboxyl group remained above the ring core of NeuAc in conformer 1, whereas this group remained below the plane of the NeuAc ring in conformer 4 ( Fig. 8C) and thus, the carboxyl group appears fully accessible to the Abs in conformer 1, whereas this group is tucked under the glycerol tail in conformer 4 and is not accessible to Abs. These modelling data suggest that the carboxyl group is not part of the epitope recognized by MoS mAbs, which thus preferentially recognize conformers 3 and 4 in which this group is not accessible to the mAbs. In contrast, the carboxyl group is a critical part of the epitope recognized by NoS mAbs and thus preferentially recognizes conformers 1 and 2 in which this group is easily accessible.
Sialidase treatment and binding pattern of MoS and NoS mAbs
The binding of MoS and NoS anti-GD1a mAbs to cauda equina sections was compared with mAb GT1b-1 at various intervals of sialidase treatment. Different durations of sialidase treatment were initially determined empirically with GD1a-1 and GT1b-1 mAbs. Our results indicate that cauda equina treatment with sialidase for 40 min at 37 C significantly decreased the binding of GT1b-1 mAb to GT1b (Fig. 9A  and B) . Notably, the binding of MoS mAb GD1a-1 to both motor and sensory nerves increased after pretreatment with sialidase for 40 min (Fig. 9C and D) but that sialidase treatment for 90 min (data not shown) reduced the GD1a-1 binding to both motor and sensory nerves compared to untreated sections or sections treated with sialidase for 40 min. GD1a-1 binding was completely abolished after overnight sialidase treatment (data not shown). The binding of both NoS mAbs increased to a variable degree in sensory and motor nerve fibers after sialidase treatment for 40 min.
In comparison GD1a-E6 binding to motor but not to sensory nerve roots increased after sialidase treatment for 40 min. Table 2 summarizes the quantitative results for the four anti-GD1a mAbs.
Binding inhibition of mAb reactivity to GD1a ganglioside in situ by GD1a methyl ester oligosaccharide These studies were done to determine whether GD1a derivatives compete with anti-GD1a mAb binding to GD1a in nerve fibers. Our results show that GD1a-E6 mAb binding to motor nerve fibres was almost completely abolished by pre-and co-incubation with GD1a methyl ester oligosaccharide ( Fig. 10A and B) . In contrast, GD1a-2b binding to motor or sensory nerve fibres was not affected by pre-and co-incubation with GD1a methyl ester oligosaccharide ( Fig. 10C and D) .
Binding of affinity purified anti-GD1a Abs from an AMAN serum to cauda equina
We found that affinity-purified anti-GD1a Abs from GBS patient (98-2) preferentially stained motor nerve fibres in rat cauda equina (Fig. 11) . In contrast, to NoS mAbs the patientderived Abs did not bind to unmyelinated sensory nerve fibers and there was faint staining of some myelinated sensory nerve fibres. Prolonged incubation with secondary antibodies was necessary to detect the Ab-binding probably due to the low amount of affinity-purified anti-GD1a Abs. The reactivity of this particular serum (98-2) with GD1a derivatives is quite similar to those of MoS mAbs (see above).
Discussion
Our results demonstrate that IgG anti-GD1a mAbs with MoS and NoS binding have distinct structural requirements on GD1a ganglioside. Anti-GD1a Abs from AMAN patients had structural requirements similar to those of motorselective mAbs and preferentially stained motor axons.
Computer modelling studies suggest that the presence or absence of motor selectivity of the mAbs is based on recognition of distinct GD1a conformers with different 3D orientations of the critical terminal NeuAc-Gal residues.
Sialidase studies indicate that GD1a can be retrieved in the sensory nerve fibres and becomes accessible to one MoS mAb. This raises the possibility that specific interactions between endogenous GD1a in sensory nerve fibres and other molecules in the plane of the membrane may result in the stable expression of a GD1a conformer(s) that is inaccessible/cryptic to MoS anti-GD1a mAbs. These findings provide one explanation for the specificity of neural targeting in peripheral neuropathies associated with antiganglioside Abs. Other, as yet unidentified, factors may also , 2001) . Subsequently, we reported that an anti-GD1a mAb preferentially stained motor nerve fibres in humans and rodents . These results emphasized that the clinical phenotype in AMAN could in part be attributed to selective binding of motor nerve fibres by anti-ganglioside Abs present in patient sera. Since crossreactivity with naturally occurring (structurally related) gangliosides did not show major differences in the specificity among four anti-GD1a mAbs used in this study, we investigated the substructural requirements of antibody binding to its target ganglioside (epitope) by introducing chemical modifications in terminal NeuAc residues. Similar approaches have been used previously for characterization of lectin and autoantibody binding to glycosphingolipids (Ilyas et al., 1990; Schengrund et al., 1991; Collins et al., 1997) . The data obtained from this biochemical approach were used to model the epitopes recognized by our mAbs. An important extension of the modelling data is that different GD1a conformers can exist in motor and sensory spinal roots. The validity of this biochemical and modelling approach was substantiated by cloning a new mAb (GD1a-E6) with preferential motor binding.
Our studies with AMAN sera indicate that the structural requirements (binding patterns) of patient-derived anti-GD1a Abs to GD1a ganglioside did not match those of NoS GD1a mAbs. Rather, the binding patterns of anti-GD1a Abs in AMAN sera to GD1a derivatives resembled binding of motor-specific mAbs. These binding patterns do not match exactly with motor-specific mAbs or with each other, which is not surprising, because the patient sera contain oligoclonal or polyclonal responses and are expected to have a wider repertoire of binding compared to mAbs (Lopez et al., 2001 (Lopez et al., , 2002 . Furthermore, patient sera are collected at different time points after the onset of disease, which may allow subpopulations of anti-GD1a antibodies to be preferentially cleared from the circulation because of their higher affinity for target antigen or IgG isotypes/subclasses [which affects their plasma half-life (Koga et al., 2003) ]. Overall, these studies show that anti-GD1a Abs in most AMAN sera retain reactivity to GD1a derivatives with modifications in carboxyl group of NeuAc, a finding that resembles those with MoS anti-GD1a mAbs, which could result in preferential binding of patient anti-GD1a Abs to motor nerves. This hypothesis is supported by immunostaining studies with affinity-purified anti-GD1a Abs from a patient with AMAN.
Our previous studies indicated that human sensory and motor spinal roots contain comparable quantities of GD1a, but that GD1a-1 mAb preferentially stained both human and rodent motor spinal roots. This established that differential expression of GD1a gangliosides in sensory versus motor roots is not the basis of selective motor recognition by GD1a mAbs. Furthermore, these previous solid phase and immunostaining studies showed apparent paradoxical findings in that motor-selective mAb (GD1a-1) binds to both sensory and motor nerve-derived GD1a in solid phase assays, but not in immunocytochemistry studies. GD1a ganglioside in the dorsal roots is not inaccessible to all antibodies since sensory fibers are immunostained by NoS GD1a mAbs.
Our results suggest that endogenous GD1a in sensory nerve fibres is cryptic for MoS anti-GD1a mAbs and the basis of this crypticity is complex and not completely elucidated by our results. For example, 'neo-GD1a' created after salidase treatment is accessible to GD1a-1 but not to GD1a-E6. Generation of 'neo-GD1a' that is accessible to GD1a-1 in sensory nerve fibres after sialidase treatment could be due to: (i) conversion of endogenous GT1b to GD1a; (ii) elimination of interaction(s) between endogenous GD1a and other molecules carrying sialic acids in the vicinity of this ganglioside; (iii) unmasking of GD1a. Conversion of GT1b to GD1a is unlikely to be the sole explanation because the related MoS mAb GD1a-E6 does not bind to sensory nerve fibres after sialidase treatment despite its increased binding to motor nerve fibres. Given the modelling data, we favour the hypothesis that oligosaccharide moieties on GD1a ganglioside assume different 3D conformations in motor and sensory nerve fibres. The paradoxical behaviour of GD1a-E6 (in sensory nerve fibres) after sialidase treatment is not explained. We speculate that despite similar structural requirements for terminal sialic acid between GD1a-1 and GD1a-E6, these mAbs may differ in their substructural requirements for other portions of the terminal sialyl-Gal epitope. High affinity interactions between experimentally induced anti-GM Abs and their target antigens require larger contact area compared to low affinity interactions (GD1a-1) (Lopez et al., 2002) and this could be a potential explanation for discrepancy between GD1a-E6 (high affinity) and GD1a-1 (low affinity).
Antibody affinity is not the basis of selective motor recognition by GD1a mAbs, as indicated by determinations of antibody affinity showing that low (GD1a-1) and high (GD1a-E6) affinity mAbs retained their motor specificity. Furthermore, our reconstitution assays with GD1a containing fatty acids of different length in the ceramide indicate that fatty acid length per se is not the major determinant of preferential ventral root binding by motor-selective mAbs. We are aware that exogenous insertion of gangliosides could be qualitatively different from that of endogenous insertion, but such an approach has been widely used to study the influence of the ceramide portion of glycosphingolipids on their localization and recognition in model membranes (Stewart and Boggs, 1993a, b; Singh et al., 1995; Jones et al., 1997) . We examined the ganglioside complex hypothesis (Kaida et al., 2004 (Kaida et al., , 2006 (Kaida et al., , 2007 by analysing the reactivity of MoS and NoS mAbs in solid phase assays in the presence of different gangliosides at a wide range of ratios, and found that binding of the mAbs used in the current study was not enhanced in the presence of ganglioside mixtures.
In conclusion, our data support the hypothesis that fine specificity of the antibody and corresponding conformation of the target antigen is one factor that contributes to the pure motor phenotype observed in patients with AMAN and high titres of IgG anti-GD1a antibodies. Analysis of structural requirements of target recognition by antiganglioside antibodies could provide insight into the mechanisms of target selectivity and clinical phenotype in patients with GBS.
